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Homogeneous precipitationNi-Al2O3 catalysts are prepared via the co-precipitation method using various precipitants: urea, Na2CO3,
NaOH, K2CO3, KOH and NH4OH. The effects of the precipitants on the physicochemical properties and
catalytic activities of the Ni-Al2O3 catalysts are investigated. The Ni50-urea catalyst displays the largest
speciﬁc surface area and the highest pore volume. This catalyst also exhibits the highest Ni dispersion and
the largest Ni surface area. Ni50-urea catalyst prepared with urea as precipitant and Ni50-K2CO3 catalyst
prepared with K2CO3 as precipitant exhibit high pore volumes and good catalytic activities for methane
steam reforming. The Ni50-urea catalyst exhibits the best physicochemical properties and shows good
catalytic activity and a strong resistance to electrolyte contamination.
Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Fuel cells have attracted signiﬁcant attention as new electric
power systems in recent years [1]. The hydrogen required for fuel
cells is primarily supplied from the steam reforming of hydrocarbons
(i.e., methane, liqueﬁed natural gas (LNG), ethanol) [2–4]. Ni or
noble-metal (Pt, Ru) catalysts have traditionally been used for the
steam reforming process [3–5]. However, Ni catalysts have been
most widely used because of their outstanding merits with respect
to cost and catalytic activity. Molten carbonate fuel cells (MCFCs),
which use a molten carbonate electrolyte (K2CO3/Li2CO3), exhibit a
higher efﬁciency than other types of fuel cells [6–10]. MCFCs are
classiﬁed according to how the hydrogen is supplied to the stack
system: external reforming (ER-MCFC), direct internal reforming
(DIR-MCFC), and indirect internal reforming (IIR-MCFC) [7,10,11].
The DIR-MCFC has a strong advantage over the other two systems
because of effective thermal management of the stack cell. In DIR-
MCFCs, the steam reforming of methane and the electrochemical
reaction occur simultaneously in the anode of the stack cell. The
reforming reaction is endothermic; thus, the steam reforming
within the stack cell is sustained by the heat released from the
electrochemical reaction [9–11]. Methane steam-reforming systems
are typically operated at 700 to 800 °C; however, the internal
reforming reaction in molten carbonate fuel cells occurs at the
relatively low temperature between 580 and 650 °C at which thee@cnu.ac.kr (Y-W. Rhee).
C BY-NC-ND license.stack cell is operated. Therefore, the catalyst for internal reforming
requires a very high catalytic activity.
Despite their previously discussed advantages, DIR-MCFCs face
several obstacles. The internal reforming catalysts placed in the
anode channel are deactivated by the molten carbonate electrolyte
(Li2CO3/K2CO3) [6–8,10–16]. Many researchers have studied the
deactivation of internal reforming catalysts by molten carbonate
electrolyte. Sugiura et al. [14] reported that the deactivation of
internal reforming catalysts was mainly attributed to the pollution
of the alkali electrolyte through the vapor phase, especially by
KOH vapor. Matsumura et al. [12] demonstrated that the catalyst
deactivation was caused by the accelerated sintering of Ni particles
under an atmosphere contaminated with alkali metals. Ito et al. [15]
also suggested that internal reforming catalysts were heavily
deactivated by K ions in the electrolyte.
Many studies have been conducted to develop internal reforming
catalysts with a strong resistance to K- or/and Li-containing species
in the electrolyte vapor. These catalysts have been prepared by
various methods, including sol–gel [17,18], impregnation [19,20], co-
precipitation [21–23] and sequential precipitation [24]. Among these
preparation methods, the co-precipitation method is considered to be
one of the most effective preparation methods for catalysts with highly
dispersed and active particles that are suitable for internal reforming
catalysts in DIR-MCFCs [10,25].
The catalysts prepared by the co-precipitation method exhibit
good activity for the reforming reaction in DIR-MCFC tests. However,
these catalysts exhibit different characteristics according to the
precipitants. Thus, the selection of a precipitant is very important. In
general, precipitants used in the co-precipitation method are sodium
Table 1
Conditions in the GHSV regions at ﬂow rates of CH4 and H2O (vapor).
Region GHSV CH4 H2O
(h−1) (mL-STP min−1)a (mL-STP min−1)a
Region 1 1,360,800 37.5 75
Region 2 2,721,600 75 150
Region 3 4,082,400 112.5 225
Region 4 5,443,200 150 300
a Standard conditions (0 °C, 1 atm).
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However, the literature contains few studies on Ni-Al2O3 catalysts
prepared by co-precipitation with various types of precipitants for
the purpose of being used in a DIR-MCFC; thus, it is necessary to
investigate the characteristics of the Ni-Al2O3 catalysts with various
precipitants under atmospheres poisoned with the electrolytes
used in DIR-MCFCs. In this study, we have examined the effects of
various precipitants on the physicochemical properties and catalytic
performance of Ni-Al2O3 catalysts prepared by co-precipitation.
2. Experimental
2.1. Preparation of catalysts
TheNi-Al2O3 catalystswere prepared via the co-precipitationmethod
using various precipitants. The precipitants were urea ((NH2)2CO),
sodium carbonate (Na2CO3), sodium hydroxide (NaOH), potassium
carbonate (K2CO3), potassium hydroxide (KOH) and ammonia solution
(NH4OH). These precipitants can be classiﬁed according to their func-
tional groups into the carbonate-ion group and the hydroxide-ion
group. The carbonate-ion group includes sodium carbonate, potassium
carbonate and urea. In cases where the urea solution was decomposed
into ammonium (NH4+) and carbonate (CO32−) ions at 80–100 °C,
which corresponds to the synthesis temperature, the urea can then be
classiﬁed as a member of the carbonate-ion group. The hydroxide-ion
group includes sodium hydroxide, potassium hydroxide and ammonia
solution.
Solutions of nickel and aluminum nitrate were prepared via the
dissolution of Ni(NO3)2·6H2O and Al(NO3)3·9H2O in distilled water.
The nickel nitrate concentration and aluminum nitrate concentration
were ﬁxed at 0.085 mol L−1 and 0.098 mol L−1, respectively. The
precipitants were also prepared by dissolution in distilled water.
The concentration of the urea solution was ﬁxed at 6 mol L−1. The
concentrations of the sodium carbonate and potassium carbonate
solutions were both ﬁxed at 0.3 mol L−1. The concentrations of the
precipitants that contained hydroxide ions were ﬁxed at 0.6 mol L−1.
Each precipitant exhibited differences in concentration according
to the functional group of the precipitant, with the exception of
urea, because the members of the hydroxide-ion group contain 1
equivalent of alkali ions, whereas the members of the carbonate-ion
group contain 2 equivalents of ions.
In the case of urea, solutions of the metal nitrates and urea were
mixed in a 2 L reactor equipped with a thermocouple, and the
resulting solution was maintained at 85 °C for 10 h under vigorous
stirring; the pH of this solution was maintained at 7 [9,26]. For
other catalysts, solutions of the metal nitrates were placed in a 2 L
reactor equipped with a thermocouple, and the solution was
maintained at 85 °C for 10 h with vigorous stirring. The solutions of
precipitants were then placed in a 2 L reactor, and their pH values
were adjusted to 10 except for the catalysts in which ammonia
solution was used as a precipitant. Because the ammonia solution is
a weak base and violently evaporates in the synthesis process, the
pH value of this solution was maintained at 9.
Upon completion of the precipitation reaction, the precipitated
solids were ﬁltered, washed and dried at 110 °C overnight. The
dried solids were subsequently calcined at 650 °C for 6 h. The
prepared Ni-Al2O3 catalysts were denoted as Ni50-X, where X
represents the type of precipitant: urea, Na2CO3, NaOH, K2CO3, KOH
or NH4OH. The nickel content of all of the catalysts was ﬁxed at
50 wt.%.
2.2. Characterization
Nitrogen adsorption–desorption isotherms for the catalysts were
obtained on a BELsorp (BEL Japan) instrument, and the speciﬁc
surface area of the catalysts was determined using the Brunauer–Emmett–Teller (BET) method. The crystalline structures of the
catalysts were investigated using XRD (D-Max 2500, Rigaku). To
identify metal-support interactions in the catalysts, temperature-
programmed reduction (TPR) measurements (BELCAT-B, BEL Japan)
were conducted at temperatures that ranged from room temperature
to 1000 °C at a heating rate of 5 °C min−1. For the TPR measurements,
10% H2 in Ar gas (50 mL-STP min−1) was used to evaluate 0.1 g of
the catalyst.
Hydrogen chemisorption data (BEL-METAL-3, BEL Japan) were
measured to investigate the nickel dispersion and nickel surface
area of the catalysts. Prior to the chemisorption measurements,
30 mg of the catalysts was reduced with pure H2 gas (50 mL-
STP min−1) at 700 °C for 1 h. The hydrogen uptake was determined
by periodically injecting a mixed gas (20% H2 in Ar) into the reduced
catalyst. The nickel dispersion and nickel surface area were calculated
by assuming that one hydrogen atom occupies one surface nickel
atom and that the cross-sectional area of the atomic nickel was
6.49×10−20 m2 Ni-atom−1. A scanning electron microscope (FE-SEM,
S4700 and S4800, Hitachi) was also used to investigate themorphology
of particles in the prepared catalysts.
2.3. Electrolyte poisoning of catalysts
In DIR-MCFC stacks, electrolytes (mixtures of Li2CO3 and K2CO3)
tend to severely deactivate internal reforming catalysts. To inves-
tigate the effect of electrolyte poisoning on the catalytic activity, the
catalysts were artiﬁcially poisoned with an electrolyte solution
using the excess-water impregnation method. First, the catalysts
were crushed into 60–100 mesh granules (150–250 μm), which
were then mixed with the electrolyte solution in a ﬂask. Water was
extracted from the ﬂask using a rotary vacuum evaporator, and,
after the vacuum drying was complete, the catalysts were dried at
110 °C for 2 h. The amount of electrolyte was ﬁxed at 10 wt.% for all
of the catalysts.
2.4. Steam reforming of methane
The steam reforming of methane over the Ni-Al2O3 catalysts was
performed at reaction temperatures of 650 °C under atmospheric
pressure, which are the same operating conditions employed for the
DIR-MCFC. The catalyst (5 mg, 60–100 mesh granules) and dilute
α-Al2O3 (100 mg, 60–100 mesh granules) were placed in a ﬁxed-
bed quartz reactor (I.D.=4 mm) after being well mixed in the vessel.
The thermocouple was placed in the top one-third of the catalyst bed.
Before the methane reforming reaction was initiated, the catalyst was
reduced at 700 °C for 1 h under a mixture of 10% H2 in N2 (100 mL-
STP min−1). The CH4 and H2O (vapor) reactants were supplied at 4
GHSV (gas hourly space velocity) regions. The CH4 and H2O ﬂow
rates and other conditions in the GHSV regions are listed in Table 1.
The H2O/CH4 molar ratio was ﬁxed at 2. The steam was prepared
using an electric heater controlled at 200 °C before it was mixed
with the other reactants.
The reforming reaction was stabilized at 650 °C for 1 h, and the
GHSV was subsequently changed from region 1 to region 4. The
catalytic activity measurements of each GHSV region were performed
for 1 h. The reaction products were periodically sampled and
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Fig. 2. The pore size distribution for catalysts prepared using various precipitants.
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equipped with a TCD.
3. Results and discussion
3.1. Characterization of the prepared catalysts
The physical properties of the Ni-Al2O3 catalysts were examined
via nitrogen isotherm measurements. Fig. 1 shows the nitrogen
adsorption–desorption isotherms of the catalysts prepared using
the co-precipitation method with different precipitants. All of the
catalysts exhibited type-IV isotherms, which suggests that all of
the catalysts prepared by the co-precipitation method are composed
of well-developed mesopores [20,24]. However, the prepared
catalysts exhibited different starting points and hysteresis-loop
shapes.
Fig. 2 shows the pore size distribution of the catalysts with various
precipitants in terms of the pore surface area and the pore volume.
For the pore size distribution of pore surface area and pore volume
(Fig. 2), the peak of the pore size was different for each prepared
catalyst. In Fig. 2(a), the peaks of the pore sizes with respect to
the pore surface area for the Ni50-urea, Ni50-Na2CO3, Ni50-NaOH,
Ni50-K2CO3, Ni50-KOH and Ni50-NH4OH catalysts appeared at
approximately 4, 5, 7, 5, 7 and 10 nm, respectively. In Fig. 2(b), the
peaks of the pore sizes with respect to the pore volume for the
Ni50-urea, Ni50-Na2CO3, Ni50-NaOH, Ni50-K2CO3, Ni50-KOH and
Ni50-NH4OH catalysts appeared at approximately 50, 30, 8, 50, 7
and 12 nm, respectively.
The physisorption measurement results for each catalyst prepared
using different precipitants are summarized in Table 2. The Ni50-urea
catalyst exhibited the largest speciﬁc surface area, 210 m2 g-cat−1,
and highest pore volume, 0.77 cm3 g‐cat−1. The Ni50-NH4OH
catalyst exhibited the lowest speciﬁc surface area, 127 m2 g-cat−1,
and the Ni50-KOH catalyst exhibited the lowest pore volume,
0.31 cm3 g-cat−1.
The catalysts prepared using precipitants that contained carbonate
ions (i.e., the Ni50-urea, Ni50-Na2CO3 and Ni50-K2CO3 catalysts)
exhibited higher pore volumes than the catalysts prepared with
precipitants that contained hydroxide ions, (i.e., Ni50-NaOH, Ni50-KOH,
Ni50-NH4OH catalysts). The formation of a hysteresis loop affects the
pore size and the pore volume [27,28]. In Fig. 1, the hysteresis loop of
the catalysts prepared with precipitants that contained carbonate ions
appeared at relative pressures greater than 0.7. The hysteresis loop of0
200
400
600
800
1000
1200
1400
1600
1800
0 0.2 0.4 0.6 0.8 1
Relative pressure (P P0-1)
V
ol
um
e a
ds
or
be
d 
(cm
3  
g-
ca
t.-
1 )
Ni50-urea
Ni50-Na2CO3
Ni50-NaOH
Ni50-K2CO3
Ni50-KOH
Ni50-NH4OH
Fig. 1. Nitrogen adsorption–desorption isotherms for catalysts prepared using various
precipitants. The adsorption–desorption data for Ni50-urea, Ni50-Na2CO3, Ni50-NaOH,
Ni50-K2CO3, Ni50-KOH and Ni50-NH4OH were vertically offset by 0, 300, 600, 900,
1200 and 1500 cm3 g‐cat−1, respectively.catalysts prepared using precipitants that contained hydroxide ions
appeared at relative pressures between 0.5 and 0.95. In Fig. 2(a), the
catalysts prepared with precipitants that contained hydroxide ions
exhibited high intensities of smaller pore size regions in the pore size
distribution curve of the pore surface area. In pore size distribution
curves of pore volumes (Fig. 2(b)), the catalysts prepared with
precipitants that contained carbonate ions displayed high intensities of
pore sizes of 30–50 nm. Furthermore, these catalysts exhibited higher
adsorbed nitrogen volumes in the nitrogen adsorption–desorption
isotherms. These results indicate that the catalysts prepared with
precipitants that contained carbonate ions exhibit greater pore sizes
and higher pore volumes than do the catalysts prepared with pre-
cipitants that contained hydroxide ions. Specially, the Ni50-urea catalyst
exhibits the highest pore volume in Figs. 1, 2(b) and Table 2. These results
indicate that the type of precipitant affects the physical properties of
the formed catalysts.Table 2
Physisorption results of catalysts prepared via co-precipitation using various
precipitants.
Sample Speciﬁc surface area Pore volume Average pore size
(m2 g‐cat−1) (cm3 g‐cat−1) (nm)
Ni50-urea 210 0.77 15
Ni50-Na2CO3 183 0.47 10
Ni50-NaOH 206 0.33 6
Ni50-K2CO3 163 0.57 14
Ni50-KOH 169 0.31 7
Ni50-NH4OH 127 0.40 13
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precipitation using various precipitants after calcination at 650 °C
for 6 h. All of the catalysts, except the Ni50-urea catalyst, exhibited
strong diffraction peaks that correspond to NiO and weak peaks that
correspond to NiAl2O4. The Ni50-urea catalyst exhibited only strong
diffraction peaks that correspond to NiO. The Ni50-NH4OH catalyst
exhibited stronger diffraction peaks that correspond to the NiAl2O4
crystal lattice than did the other prepared catalysts.
Fig. 4 shows the XRD patterns of the catalysts after they were
reduced at 700 °C for 1 h. All of the catalysts exhibited strong peaks
that correspond to metallic Ni crystals and weak diffraction peaks
that correspond to NiAl2O4 and γ-Al2O3. In particular, the Ni50-urea
catalyst exhibited strong peaks that correspond to metallic Ni crystals
at Ni(111) and Ni(200), which suggests that the NiO was almost
completely reduced to metallic Ni. This catalyst displayed lower
peak intensity than did the other catalysts, which indicates a small
crystallite size of metallic Ni. Other catalysts displayed indistinct
diffraction peaks that correspond to NiAl2O4 and γ-Al2O3 at
approximately 2θ=66°. These results indicate that NiAl2O4 was not
completely reduced to Ni and γ-Al2O3 [9].20 30 40 50
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Fig. 4. XRD patterns for catalysts prepared via co-precipitationThe sizes of the crystallinemetallic Ni domainswere calculated from
the XRD diffraction peaks of the reduced catalysts using the Scherrer
equation, as shown in Table 3. The Ni50-urea catalyst exhibited
the smallest size of crystalline metallic Ni, and the Ni50-KOH catalyst
exhibited the largest size of crystalline metallic Ni. It is evident
that the type of precipitant affects both the structure of the catalysts
and the Ni crystallite size in the catalysts after reduction (Fig. 4 and
Table 3).
TPR measurements were performed to investigate the interaction
between the Ni species and the support and to test the reducibility of
the catalysts. Fig. 5 shows the TPR proﬁles of the catalysts prepared in
this study. All of the catalysts, with the exception of the Ni50-NH4OH
catalyst, exhibited reduction peaks between 650 and 720 °C, which
indicate that the Ni species interact strongly with the Al2O3 support
[26,29,30]. The Ni50-NH4OH catalyst exhibited a small reduction
peak at approximately 590 °C and a main reduction peak at
approximately 750 °C. This result is caused by the formation of
NiAl2O4 crystals in the catalyst (Fig. 3). The NiAl2O4 crystals in the
Ni-Al2O3 catalyst are known to be a strong combination of NiO and
Al2O3 species and exhibited a reduction peak at high temperature60 70 80
o)
)022( iN)002( iN
NiAl2O4
γ-Al2O3
using various precipitants after reduction at 700 °C for 1 h.
Table 3
Crystalline size of metallic Ni in the Ni-Al2O3 catalysts reduced at 700 °C for 1 h.
Sample Crystalline size of metallic Ni (nm)a
Ni50-urea 6.2
Ni50-Na2CO3 8.5
Ni50-NaOH 8.2
Ni50-K2CO3 8.8
Ni50-KOH 9.5
Ni50-NH4OH 9.2
a Calculated from the broadening of the Ni(200) diffraction peak in Fig. 4.
Table 4
Hydrogen chemisorption results of catalysts prepared via co-precipitation using
various precipitants.
Sample Amount of hydrogen
uptake (mmol g‐cat−1)
Ni dispersion (%) Ni surface area
(m2 g‐cat−1)
Ni50-urea 0.30 6.5 22
Ni50-Na2CO3 0.20 4.7 16
Ni50-NaOH 0.22 5.2 17
Ni50-K2CO3 0.19 4.4 15
Ni50-KOH 0.16 3.8 13
Ni50-NH4OH 0.09 2.2 7
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Ni50-NH4OH catalyst is shifted at approximately 750 °C. In addition, a
small reduction peak at 590 °C results from weaker interactions
between the Ni species and the support than those of other catalysts.
Hydrogen chemisorption was performed to identify the Ni
dispersion and the Ni surface area in the prepared catalysts. Table 4
summarizes the hydrogen chemisorption results. The Ni dispersion
is deﬁned as the ratio between the Ni particles exposed to reactants
and the total Ni contained in the catalyst [26]. Because a higher Ni
dispersion and a larger Ni surface area usually result in more active
catalysts, it is desirable to maximize the Ni dispersion and Ni surface
area of a given catalyst. The Ni50-urea catalyst exhibited the highest
Ni dispersion and the largest Ni surface area, and the Ni50-NH4OH
catalyst exhibited the lowest values. Hydrogen chemisorption results
are related to the speciﬁc surface area of the prepared catalysts
(Table 2). In general, the catalysts with large speciﬁc surface areas
tend to exhibit high values of Ni dispersion and large Ni surface
areas [7,24].
Fig. 6 shows the SEM images of the prepared catalysts. The
morphologies of the particles in the Ni50-urea, Ni50-Na2CO3 and
Ni50-K2CO3 catalysts were petal-like shapes. In general, spherical
particles were observed in the Ni50-NaOH, Ni50-KOH and Ni50-
NH4OH catalysts prepared with precipitants that contained hydroxide
ions. The particle morphology depends on the components of the
catalyst precursors and differed according to the functional group of
the precipitants (carbonate or hydroxide ions). The carbonate ions in
precipitants reacted with nickel and aluminum species and formed
hydrotalcite-like (layered double hydroxide (LDH): Ni(1−x)Alx(OH)2(-
CO3)) structures during the precipitation reactions [25,26,32]. In
contrast, the hydroxide ions in precipitants formed metal-hydroxide
(Ni(1−x)Alx(OH)2) structures during the precipitation reactions. The
catalysts prepared with precipitants that contain carbonate ions (i.e.,
the Ni50-urea, Ni50-Na2CO3 and Ni50-K2CO3 catalysts) are expected
to exhibit higher pore volume due to the petal-like particles than are0 200 400 600 800 1000
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Fig. 5. TPR proﬁles for catalysts prepared via co-precipitation using various
precipitants.the catalysts prepared with precipitants that contain hydroxide ions
(i.e., the Ni50-NaOH, Ni50-KOH and Ni50-NH4OH catalysts). These
results are conﬁrmed by the data in Table 2.
3.2. Steam reforming of methane over the prepared catalysts
Fig. 7 shows the catalytic activities for methane steam reforming
over the fresh Ni-Al2O3 catalysts prepared using various precipitants.
The methane conversions and reaction rates for methane steam
reforming were calculated for a reaction temperature of 650 °C,
which is consistent with the operating temperature of DIR-MCFCs.
The ﬂow rate of reactants was varied within ranges consistent with
the reaction conditions, which are classiﬁed into GHSVs with 4 total
regions (Table 1). In Fig. 7 (a), the methane conversions of the
prepared catalysts decreased with an increase in the GHSV. However,
in Fig. 7(b), the reaction rates of the prepared catalysts increased with
an increase in the GHSV.
In the low GHSV region (region 1), all of the prepared catalysts
exhibited similar methane conversions and reaction rates, which
were greater than 90% and 5.0 mmol CH4g‐cat−1 s−1, respectively.
In GHSV regions 2 to 4, however, the prepared catalysts exhibited
different catalytic activities as the GHSV was increased. In the case
of the Ni50-NaOH, Ni50-KOH and Ni50-NH4OH catalysts, the
methane conversion rates decreased rapidly with increasing GHSV
(Fig. 7(a)). The reaction rates barely increased between GHSV regions
2 and 4 (Fig. 7(b)). For the Ni50-NaOH and Ni50-KOH catalysts,
changes in the reaction rates were not observed between GHSV
regions 3 and 4. Thus, the maximum reaction rates of the Ni50-
NaOH and Ni50-KOH catalysts are found at these regions (i.e., 8.11
and 8.05 mmol CH4 g‐cat−1 s−1, respectively). In contrast, the
catalysts prepared with precipitants that contained carbonate ions
(i.e., the Ni50-urea, Ni50-Na2CO3 and Ni50-K2CO3 catalysts) exhibited
a relatively slow decrease in methane conversion with an increase in
the GHSV region (Fig. 7(a)), and reaction rates increased with an
increase in the GHSV region (Fig. 7(b)). Thus, the maximum reaction
rates of these catalysts were not found. The Ni50-K2CO3 catalyst, in
particular, displayed the highest catalytic activity, and the Ni50-urea
catalyst displayed the second-highest catalytic activity.
The mechanisms by which the components of the electrolytes in
DIR-MCFCs (mixtures of Li2CO3 and K2CO3) contaminate the
reforming catalysts have been reported elsewhere [7,8,10–16]. Thus,
the present study is focused on improving the poisoning resistance
toward deactivation by the electrolyte for the Ni-Al2O3 catalysts
prepared via the co-precipitation method using various precipitants.
Fig. 8 shows the catalytic activities for methane steam reforming
over the Ni-Al2O3 catalysts poisoned with 10 wt.% electrolyte. The
methane conversions and reaction rates for methane steam reforming
were measured at 650 °C. In Fig. 8, the Ni50-urea catalyst exhibited
the highest catalytic activities in all GHSV regions, and the Ni50-
KOH catalyst exhibited the lowest catalytic activities in all GHSV
regions. Themethane conversions of the prepared catalysts decreased
with an increase in the GHSV region in Fig. 8(a), and the reaction
rates of the prepared catalysts slowly increased between GHSV
regions 2 and 4 in Fig. 8(b). The reaction rates of the Ni50-NaOH
(a) Ni50-urea
(c) Ni50-NaOH (d) Ni50-K2CO3
(b) Ni50-Na2CO3
(e) Ni50-KOH (f) Ni50-NH4OH 
Fig. 6. SEM images of catalysts prepared via co-precipitation using various precipitants after calcination at 650 °C for 6 h.
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regions. The catalysts prepared with precipitants that contained
carbonate ions exhibited higher catalytic activities than did the
catalysts prepared with precipitants that contained hydroxide ions
in both the fresh and poisoned states (Figs. 7 and 8). The Ni50-urea
and Ni50-K2CO3 catalysts exhibited particularly good catalytic
activities for methane steam reforming in both the fresh and poisoned
states.
Fig. 9 shows a comparison of the catalytic activities and
physicochemical properties between the fresh and poisoned catalysts.
The catalytic activities are calculated at GHSV region 3. The relevant
physicochemical properties of the catalysts are the pore volumes
and the nickel surface areas. The Ni50-urea, Ni50-Na2CO3 and Ni50-
K2CO3 catalysts, which are the catalysts prepared using precipitants
that contained carbonate ions, exhibited relatively high methane
conversion and reaction rates for methane steam reforming in both
the fresh and poisoned states. These catalysts exhibited pore volumes
that were relatively higher than those of the catalysts prepared using
precipitants that contained hydroxide ions (Table 2). In the fresh state,
the Ni50-K2CO3 catalyst exhibited the highest catalytic activity despite
exhibiting the second-highest pore volume (0.57 cm3 g‐cat−1), andthis catalyst also exhibited a relatively low nickel surface area of
15 m2 g-cat−1. In contrast, the Ni50-urea catalyst exhibited the
second-highest catalytic activity despite exhibiting the highest pore
volume and nickel surface area (0.77 cm3 g‐cat−1 and 22 m2 g-cat−1,
respectively). In the poisoned state, however, the Ni50-urea catalyst
exhibited the highest catalytic activity, and the Ni50-K2CO3 catalyst
exhibited the second-highest catalytic activity. The catalytic activity of
the Ni50-K2CO3 catalyst between the fresh and poisoned states was
decreased to a greater extent than that of the Ni50-urea catalyst. The
performances of the prepared catalysts in the fresh and poisoned states
are ranked according to the pore volumes of the catalysts without
reference to the nickel surface areas. These results indicate that the
activities of the prepared catalysts in the fresh and poisoned states are
related to the pore volumes of the catalysts.
When the ﬂow rates of reactants are high, a large quantity of
reactants can be diffused into the catalyst and contact the active sites,
which results in a high catalytic activity. For this phenomenon to
occur, the catalyst must exhibit a high pore volume and a large nickel
surface area. A high pore volume depends on the existence of well-
developed mesopores, which enable the reactants to easily contact
the active sites. For example, the Ni50-NH4OH catalyst displayed a
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Fig. 7. (a) CH4 conversion and (b) reaction rate for methane steam reforming over fresh
Ni-Al2O3 catalysts prepared via co-precipitation using various precipitants.
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Fig. 8. (a) CH4 conversion and (b) reaction rate for methane steam reforming over Ni-
Al2O3 catalysts poisoned with 10 wt.% electrolyte.
109Y-S. Jung et al. / Catalysis Communications 26 (2012) 103–111middle ranking of catalytic activity despite exhibiting the lowest nickel
surface area among the investigated catalysts. The Ni50-NaOH catalyst
had the second-highest nickel surface area; however, the catalytic
activity and pore volume were the second-lowest such values.
Furthermore, a ranking of the catalytic activities showed that the pore
volumes of the prepared catalysts, without regard to the nickel surface
areas, were approximately the same. These results indicate that a high
pore volume and a large nickel surface area in the catalyst are necessary
conditions; however, the pore volume is more inﬂuential for high
catalytic activity at high GHSV regions than is the nickel surface area.
The characteristics of a high pore volume are an increase in the
diffusion rate of the reactants and an assisted contact between the
reactants and the active sites in the catalyst.
The catalysts prepared using precipitants that contained carbonate
ions exhibited high pore volumes and pore sizes with high catalytic
activities. These catalysts were formed by calcination of hydrotalcite-
like (layered double hydroxide (LDH): Ni(1−x)Alx(OH)2CO3) structures
which are precipitates formed through reaction between metal nitrate
solutions and precipitants that contained carbonate ions. On the
other hand, the catalysts prepared using precipitants that contained
hydroxide ions exhibited low pore volumes and pore sizes with
low catalytic activities. These catalysts were formed by calcination
of metal-hydroxide (Ni(1−x)Alx(OH)2) which is precipitate formed
through reaction between metal nitrate solutions and precipitants that
contained hydroxide ions. After calcination process, the hydrotalcite-
like structures changed to Ni-Al2O3 catalyst of petal-like shape with
many vacancies and metal-hydroxide changed to Ni-Al2O3 catalyst of
dense sphere shape in SEM images (Fig. 6). Thus, Ni-Al2O3 catalyst ofpetal-like shape may have high pore volumes and pore sizes (Table 2).
And these effects may inﬂuence the performance of catalysts.
In the SEM image (Fig. 6), also, the catalysts prepared using
precipitants that contained carbonate ions showed petal-like shapes
with many vacancies, and these catalysts exhibited high catalytic
activities due to high pore volumes. These results indicate that the
precipitants that contained carbonate ions affect the morphology of
catalysts during the synthesis process, and these effects may strongly
assist the development of mesopores and enhance the pore volume;
in particular, precipitants that contain urea and potassium carbonate
(K2CO3) are extremely effective.
A strong resistance to deactivation by the electrolyte is crucial for
the reforming catalyst in a DIR-MCFC. The present study suggests that
the catalysts prepared with precipitants that contain carbonate ions
exhibit higher pore volumes and higher catalytic activities than the
catalysts prepared with precipitants that contain hydroxide ions. In
particular, the Ni50-urea catalyst exhibits the best physicochemical
properties and the highest catalytic activity while simultaneously
exhibiting a strong resistance toward contamination by the electrolyte.
4. Conclusions
Ni-Al2O3 catalysts are prepared via the co-precipitation method
using various precipitants: urea, Na2CO3, NaOH, K2CO3, KOH and
NH4OH. The effects of the precipitants on the physicochemical
properties and catalytic activities of the Ni-Al2O3 catalysts are
investigated. The Ni50-urea catalyst, in which urea was used as a
precipitant, exhibits the highest speciﬁc surface area and the greatest
pore volume. In the XRD patterns of catalysts calcined at 650 °C for
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Fig. 9. Comparison of catalytic activities and physicochemical properties between fresh and poisoned catalysts. The catalytic activities are calculated at region 3.
110 Y-S. Jung et al. / Catalysis Communications 26 (2012) 103–1116 h, all of the catalysts, with the exception of the Ni50-urea catalyst,
exhibit strong diffraction peaks that correspond to NiO and weak
peaks that correspond to NiAl2O4. The TPR proﬁles of the catalysts,
with the exception of proﬁle of the Ni50-NH4OH catalyst, showed
reduction peaks between 650 and 720 °C. These results indicate
that the Ni species interact strongly with the Al2O3 support. The
chemisorption results indicate that the Ni50-urea catalyst exhibits the
highest Ni dispersion and the highest Ni surface area. The Ni50-urea
and Ni50-K2CO3 catalysts exhibit high pore volumes and good catalytic
activities for methane steam reforming. The Ni50-urea catalyst,
in particular, exhibits the best physicochemical properties and a good
catalytic activity combined with a strong resistance toward contami-
nation by the electrolyte.
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